Background: Hearing impairment is a common problem in patients with mucopolysaccharidosis IV (MPS IV) throughout their life. Many of the adult patients with MPS IV exhibit permanent or severe hearing loss. However, there has been no systematic review of detailed audiological test results in MPS IV. Materials and methods: Fourteen individuals with MPS IV (13 MPS IVA and 1 MPS IVB; aged between 12 and 38 years old) participated in the current study. We obtained auditory neurophysiological responses (auditory brainstem responses and otoacoustic emissions test) in addition to pure-tone audiometry and middle ear function tests (tympanometry and acoustic reflexes).
Introduction

General characteristics of mucopolysaccharidosis IV
Mucopolysaccharidosis IV (MPS IV), also known as Morquio syndrome, is an autosomal recessive lysosomal storage disorder. MPS IV includes two types of disorders, MPS IVA (OMIM 253000) and MPS IVB (OMIM 253010), due to a deficiency of two different lysosomal enzymes, N-acetylgalactosamine-6-sulfate sulfatase (GALNS) and β-galactosidase, respectively. The majority of patients (95%) exhibit Type A [1] . MPS IV is characterized by a unique skeletal dysplasia caused by excessive accumulation of keratan sulfate (KS) and/or chondroitin 6-sulfate (C6S). Although most patients with MPS IV appear normal at birth, patients show skeletal abnormality within a few years of age or even at birth.
Patients with MPS IV have a wide spectrum of clinical manifestations [2] [3] [4] including growth impairment and progressive spondyloepiphyseal dysplasia frequently resulting in limited ambulation or complete wheel-chair bound condition. Patients with a severe phenotype of MPS IVA often do not survive beyond the second or third decade of life. Patients with a mild form of MPS IVA may survive until the seventies [4] . Recent advancements in medical and surgical treatment and management as well as early awareness of the disease have led to extended life expectancy [5] in the patients with MPS IVA [6] . In general, patients with MPS IVB have a milder skeletal dysplasia with taller stature.
Hearing in MPS IV
Although hearing impairment does not directly contribute to mortality, hearing impairment does have significant contribution to development of speech and language, and quality of life [2] . Recurring ear infections and hearing loss are common symptoms in MPS [7] [8] [9] . Because skeletal deformities are usually not apparent in the first couple of years of life, it is common for patients with MPS to see otolaryngologists before their diagnosis of MPS. Although commonly reported hearing loss in MPS IVA is conductive in nature [10, 11] , sensorineural hearing loss has also been documented in some patients [12] . However, because MPS IVA is such a rare disorder, previous studies on hearing loss in MPS IVA were based on very small sample sizes, and detailed descriptions of the types and degree of hearing impairment are sparse. Based on a few studies, it is suggested that hearing loss in MPS IVA is bilateral and progressive in general [13, 14] similar to other MPS types [7, 15] , and its severity ranges from mild to moderate [4, 16] . Riedner and Levin [13] reported that conductive hearing loss was observed in patients under eight years old, but that mixed and sensorineural hearing loss were also found in older patients. Permanent hearing loss has not been observed until adolescence [17] . Abnormal auditory brainstem response (ABR) results were also reported, but systematic chart review or study to correlate the auditory function to skeletal dysplasia in MPS IVA have not been made until now. Last, the majority of studies are based on MPS IVA. So far, two patients with MPS IVB were reported as having no hearing loss [18, 19] .
The aims of this study are to examine hearing function in patients with MPS IV (mainly MPS IV A) and to correlate auditory phenotype with skeletal severity (measured as short stature) and/or activity of daily living.
Materials and methods
The current study was approved by the Nemours Institutional Review Board (Local Board Reference Number: 458707 and 750932).
Participants
Fourteen participants (5 males and 9 females) aged between 12 and 38 years old, who had been diagnosed biochemically with MPS IV (13 patients for MPS IVA; one patient for MPS IVB), participated in the study. They were recruited by referrals from the Departments of Orthopaedics and Genetics at the Nemours/Alfred I. duPont Hospital for Children or fliers distributed through the Carol Ann Foundation. The study was conducted at the Nemours/Alfred I. duPont Hospital for Children, Wilmington, Delaware, after obtaining the informed consent of each participant. Demographic information about the participants is summarized in Table 1 . Skeletal (clinical) severity of the disease was determined by the height as described previously [20] [21] [22] . Eight of the patients with MPS IVA had received enzyme replacement therapy (ERT) for 1 to 5 years.
Procedure
Following otoscopic inspection, middle ear function was assessed by tympanometry and middle ear muscle reflexes (MEMR) (Titan, Interacoustics, Inc). MEMR thresholds were recorded at 0.5, 1, 2, and 4 kHz for those who did not have pressure equalization tubes. Distortion products otoacoustic emissions (DPOAE) were collected from each ear to obtain an objective measure of the function of the cochlear outer hair cells. DPOAE were recorded at 12 different f2 frequencies varying from 1 to 10 kHz (Titan, Interacoustics, Inc). To assess the brainstem nervous pathways, auditory brainstem responses (ABRs) were obtained using 100 μsec air-conduction clicks at a rate of 27.7/s and at levels ranging 40 to 90 dBHL (SmartEP, Intelligent Hearing System, Inc). The responses to the clicks at 80 dBHL or 90 dBHL were reported in this study. To obtain behavioral hearing data, we conducted audiometry and speech perception test. Pure tone air conduction thresholds at 125, 250, 500, 1, 2, 3, 4, 6, 8 kHz were obtained in each ear using insert earphones. All air conduction audiometry was conducted without masking because none of our participants indicated >40 dB threshold difference between the ears. Pure tone bone conduction thresholds were obtained for some participants with suspected conductive hearing loss with and without masking. Speech reception thresholds were obtained using spondee words, and word recognition scores were obtained using the Central Institute for the Deaf (CID) W22 word list. These two speech perception tests were conducted using insert earphones without hearing aids. All the audiological data were obtained in a sound proof booth. The participant's demographic information, medical/health history including frequency of ear infection, and functional activity of daily living (ADL) [23, 24] were obtained with a questionnaire.
Data analysis
The types of hearing loss (conductive, sensorineural, and mixed) were categorized by an audiologist based on all the tests results. The severity of hearing loss was based on the pure tone average (PTA) values of 0.5, 1, and 2 kHz (per ear) [25] .
For each of the 12 frequencies, DPOAE was considered present when the DPOAE amplitude level was −10 dB SPL or above, and the signal to noise ratio at least of 6 dB SPL. The percentage of present DPOAE (per 12 frequencies) was calculated for each ear. Responses were classified as abnormal when only <25% of the DPOAE frequencies were present and partially abnormal when the percent was between 26 and 75%.
The ABR was categorized as normal or abnormal by two experienced clinicians. Waveforms were judged as abnormal when waves I, III, and V were absent, delayed, of low amplitude or with an atypical morphology.
Pearson's correlation coefficients were obtained to analyze relationships between hearing test results and other measures only with the MPS IVA data. We excluded the MPS IVB data from correlation analysis because the mild skeletal severity associated with MPS IVB could have biased the results.
Results
Ear infection
All but one participant reported that they had multiple ear infections in the past. Five participants had chronic ear infections. Half of 2 Table 1 Summary of audiological test results and participant demographic and disease information. The key at the bottom shows the color codes used for PTA values, DPOAE, and ABR results.
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the participants in this study had one or more sets of ear pressure equalization tubes, and two patients (both adults) had pressure equalization tubes at the time of our data collection. Despite the history of frequent ear infections in most patients, only two participants reported speech/ language delays when they were young. The results are consistent with previous descriptions of normal speech/language skills in MPS IV. We should point out that recurring middle ear infection in patients with MPS IV persists even after young childhood. Table 1 lists the audiometry results in all participants. All participant exhibited normal tympanometry. All but two participants (S10 and S12) exhibited presence of middle ear reflexes to at least one of the stimuli in both ears. S10 did not exhibit middle ear reflex (at the maximum tested level of 100 dB) in the right ear and S12 exhibited reflexes in the left ear, but we could not obtain conclusive results in her right ear. The degree of hearing loss is indicated by the degree of darkness in the PTA columns in Table 1 . Except for one subject (S9) who exhibited normal hearing in both ears, all other subjects with MPS IVA in this study presented with some type of hearing loss. The hearing thresholds varied from normal to severe according to pure-tone audiometry. The type of hearing loss was not uniform among patients, as some presented with conductive hearing loss, some with sensorineural hearing loss, and some with mixed hearing loss. Within each patient, their hearing loss level and type are quite similar in both ears. The patient with MPS IVB (S2) had normal hearing in both ears.
Audiological test results
Speech recognition results
Speech reception thresholds obtained from twelve participants were comparable to the pure tone average thresholds. Mean differences of two thresholds were 5 dB for the left ear and 2 dB for the right ear. Correlations between speech reception thresholds and PTA values were also very strong, rs (10) = 0.96 and 0.91, p < 0.01 for the left and right ears respectively.
OAE and ABR results
Table 1 also summarises the severity of DPOAE and ABR abnormality in all participants. Over half of the patients tested in this study had abnormal DPOAEs in both ears. Fig. 1 shows DPOAE responses of three subjects. The top panel showed normal DPOAE responses to all frequencies tested in subject S7. In the middle panel, DPOAE responses are partially absent, as the subject S13 did not exhibit DPOAE responses to low and high frequency stimuli although the pure tone thresholds were within the normal range. The bottom panel showed almost no DPOAE response to the tested frequencies in the subject S3. Distribution of abnormal DPOAE is quite even among the tested ears although slightly more ears showed absent DPOAE at higher frequencies as seen in Fig. 2 .
Out of fourteen patients, five patients showed normal ABRs in both ears. Four patients showed normal ABRs in their right ear but abnormal ABRs in their left ear. All others had abnormal ABRs bilaterally. sitivity in both ears, but the electrophysiological results suggested some abnormality in the retrocochlear regions of the left ear. His left ear ABR waveform did not exhibit identifiable wave I and wave III. A range of ABR abnormalities were found among the participants as listed in Table  2 . Although abnormal ABR results were not consistent among the patients, delayed or absent wave III was found in eleven ears (six patients). Wave V showed delayed responses (six ears in four participants), but was identified bilaterally in all but one patient (S12). The results indicated that despite having normal pure tone thresholds, some patients had abnormal DPOAEs, ABR, or both.
Relationship between hearing function and skeletal severity
To examine the relationship between hearing function and skeletal severity (height), partial correlations were computed between the cur rent height of the patient and pure tone threshold average (a measure of hearing sensitivity) or DPOAE (a measure of inner ear function). Because height is generally correlated well with age in children, we computed partial correlations while controlling for the effect of age. The skeletal severity strongly correlated with pure tone threshold average for both ears (Right ear: r (10) = −0.59, p < 0.005; Left ear: r (10) = −0.71, p = 0.01). Strong correlations were also found between DPOAE and skeletal severity, rs (9) = −0.84 and −0.87, p < 0.0001 for the right and left ears respectively. Zero-order correlations showed significant correlation results between hearing functions and skeletal severity, indicating that in this study group the age had very little influence in controlling for the relationship between skeletal severity and hearing sensitivity or DPOAE. 4 
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Relationship between hearing function and other measures (body weight, BMI, and ADL)
Both body weight and body mass index (BMI) had no significant correlations with hearing functions, rs = −0.33 to 0.51. To examine the relationship between hearing functions and functional ability to perform ADL, Pearson's correlation tests were performed on ADL total scores against hearing function. The results showed no correlation between ADL scores and each hearing measure (PTA and DPOAE per ear), rs = −0.11 to 0.12.
Age-dependency
Some of the younger participants had hearing loss in terms of pure-tone audiometry and abnormal ABR results. Because the current study did not include participants younger than 11 years old, it is not clear if this trend also exists in younger children. Similarly, although partial correlation test results indicated that age is not an influencing factor of the relationship between hearing function and skeletal Delayed Wave V Normal severity, it is still possible that the hearing-severity relation among younger children with MPS IVA might be not as strong as shown in the current study as permanent hearing loss is usually not identified until adolescence [17] .
Discussion
In this study, we have demonstrated that 1) patients with MPS IV tend to have chronic ear infections, 2) patients with MPS IVA (except one patient with an attenuated form) exhibit abnormal hearing function bilaterally based on DPOAE and ABR results despite normal audiometric results, 3) there is a strong relationship between skeletal severity (height) and hearing function (based on audiometry and DPOAE) in patients with MPS IVA, indicating that more severely affected patients in skeleton exhibit more severe level of hearing dysfunction, 4) the patient with MPS IVB exhibit normal hearing.
Although we observed that younger participants exhibit some degree of hearing loss, we did not obtain data to determine whether patients younger than 11 years old behave similarly. Since the initial sign and symptom of MPS IVA do not appear at birth except for minor skeletal abnormality, patients are very likely to pass their newborn hearing test. Normal findings of pure tone audiometry during early childhood may hinder the discovery of some abnormal auditory function. Although pure tone audiometry is necessary to assess behavioral hearing thresholds and is commonly used for hearing screening at school, audiometric results alone cannot reveal some inner ear or auditory pathway anomalies such as auditory neuropathy [26] . Some of the consequences of such anomalies might be increased difficulty understanding speech, especially in noisy environment. Although apparent hearing problems may not surface before adolescence [13, 17] , it is likely that hearing progressively worsens as the disease progresses. Since in this study we observe normal development of speech and language skills in patients with MPS IV, it is likely that auditory function remains normal during a critical time of language acquisition in their early life. However, patients may start having difficulty in speech perception in certain conditions (such as noisy environment) in early childhood. The finding of a strong correlation between skeletal dysplasia (height) and hearing loss indicates that height may be a good indicator for prognosis of hearing loss. However, it is important to emphasize that patients with MPS IVA should monitor their hearing status regularly, regardless of their skeletal severity, since the cause of sensorineural hearing loss is unknown.
Hearing loss is most likely due to multiple factors [4] . Chronic middle ear infections [7, 27] , deformity of the ossicles, and/or abnormalities of the inner ear [4] could lead to hearing loss. Conductive hearing loss is generally attributed to chronic or recurring middle ear dysfunction, which can be associated with frequent upper airway infections. As the disease progresses, depository of glycosaminoglycans (GAGs) in the tympanic membrane, auditory ossicles may cause the ossicular dysfunction. Significant high accumulation of GAGs was found in the middle ear fluid and adenoid tissues among patients with MPS [28, 29] .
The current results also indicate that the disease affects the brainstem as well. Since hearing loss progressively worsens and changes from conductive to sensorineural loss as the disease progresses, there may be other factors affecting the inner ear and the brainstem in a rather slow pace in addition to recurring ear infections. Similar progressive sensorineural hearing loss is found in patients with MPS I and II [27] , and histopathology results indicated that the number of cochlear hair cells (both inner and outer hair cells) is reduced in the patients with MPS I [30] . Absence of DPOAEs indicates hearing loss resulting from dysfunction of outer hair cells, and decrease and disappearance of wave I of ABRs can indicate less inner hair cells. Our findings of abnormal DPOAEs and ABRs suggest that the loss of inner ear hair cells may play a role of sensorineural hearing loss in the patients with MPS IVA. It is also possible that the vestibular system is also affected by GAG accumulation. Some of the participants reported that they experience migraine headache and tinnitus.
To establish the etiology of hearing loss in MPS IVA, patients need to be examined longitudinally from the age at MPS IVA diagnosis in childhood until and during adulthood. Imaging of the temporal bones may also refine the hearing loss diagnosis. Our data clearly show that pure tone audiometry should not be the sole test used to assess and manage hearing loss in these patients.
Growth impairment due to accumulation of C6S and KS in cartilage and bone is primary cause of MPS IVA, leading to various skeletal-related manifestations including disproportionate short stature, tracheal obstruction, pectus carinatum, spinal cord compression, deformity of the bones, and conductive hearing loss. Growth (height) correlates or provides an impact with ADL [24] , severity of tracheal obstruction [24] , KS level in blood and urine [31, 32] , and bone mineral density [33] . Therefore, it is likely that the severity of hearing loss and height correlates as well although it would require to collect longitudinal data from childhood to adulthood to demonstrate. Accumulation of more data and successive accurate correlation will define severity and prognosis of hearing loss.
Conclusions
Hearing loss is a major concern in patients with MPS IV. Some patients with MPS IVA may have sensorineural hearing impairment despite normal audiometric results. Pure tone audiometry does not identify sensorineural hearing dysfunction when the impairment is mild, leading to a delay of awareness of hearing loss. Therefore, it is the best to conduct regular hearing evaluations involving behavioral and electrophysiological testing from the early stage.
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